Abstract. Gynostemma pentaphyllum is a traditional Chinese medicine reported to possess a wide range of health benefits. As the major component of G. pentaphyllum, gypenoside (GP) displays various anti-inflammatory and anti-oxidant properties. However, it is unclear whether GP can protect against ischemia/reperfusion (I/R)-induced renal injury, and the underlying molecular mechanisms associated with this process remain unknown. In the present study, a renal
Introduction
Ischemia/reperfusion (I/R) can occur following renal surgery or transplantation, often resulting in acute kidney injury, chronic renal failure and kidney transplantation failure (1, 2) . It has been demonstrated that inflammation and apoptosis serve crucial functions in I/R-induced renal injury (3) , therefore the development of effective drugs to prevent inflammation and apoptosis in I/R-induced renal injury is required.
Gynostemma pentaphyllum is a traditional Chinese medicine that has previous been used for the treatment of renal diseases (4, 5) . The major component of G. pentaphyllum is gypenoside (GP), which exhibits anti-inflammatory, antitumor and anti-oxidative properties (6) (7) (8) . In particular, the protective effect of GP against I/R-induced injury has been reported. For example, Qi et al (9) reported that GP can protect neuronal DNA against the damage resulting from I/R-induced cerebral injury. Furthermore, it has been demonstrated in mice that GP exerts a therapeutic effect on chronic renal injury, fibrosis and fatty renal disease induced by alcohol consumption and a diet high in fat and cholesterol (10, 11) . In addition, the authors of the present study previously observed that GP attenuated hepatic I/R injury in mice via anti-oxidative and anti-apoptotic bioactive characteristics (12) . However, it remains unclear whether GP is able to exert a protective effect against I/R-induced renal injury, and the molecular mechanisms potentially underlying this process are as yet unknown.
Previous studies demonstrated that the inflammatory response was significantly upregulated following I/R (13) . In addition, the inflammatory response to hypoxia has been shown to contribute to the resulting renal tissue injury (13) . Inflammation-associated factors include complement proteins and chemokines, including tumor necrosis factor-α (TNF-α), interferon (IFN)-γ, interleukin (IL)-1β and IL-6 (14) . Inhibition of their production has been shown to attenuate I/R-induced tissue injury (15) ; in a previous study, catalpol protected mice against renal I/R injury by suppressing the phosphoinositide-3-kinase/Akt-endothelial nitric oxide synthase signaling pathway, as well as the expression of TNF-α, IL-1β, IL-6 and IL-10 (16). Furthermore, gypenoside was shown to exert suppressive effects on the expression of inflammatory molecules (8) , and thus, may have an inhibitory role in I/R-induced renal injury.
In the present study, the protective effect of GP against I/R-induced renal injury was evaluated using a renal I/R injury model in C57BL/6 mice. In addition, the underlying molecular mechanisms involving inflammation and apoptosis in renal I/R injury were investigated.
Materials and methods
Renal I/R injury model. A total of 30 male C57BL/6 mice (age, 12 weeks; weight, 20-25 g) were obtained from the Animal Center of Central South University (Changsha, China). The mice were housed at the Xiangya Medical Experimental Animal Center of the Central South University in a laminar flow, temperature-controlled, pathogen-free environment with a 12 h light/dark cycle and with ad libitum access to food and water. Mice were fasted for 24 h prior to the renal I/R procedure, then an intraperitoneal injection of pentobarbital (50 mg/kg) was administered to anesthetize the animals. The animal experiment was approved by the Ethics Committee of The Third Xiangya Hospital of Central South University.
Administration of GP. GP was purchased from the China National Pharmaceutical Group Corporation (Beijing, China) and dissolved in saline in accordance with the manufacturer's instructions. Mice were divided into three groups, with each group containing 5 mice. In the sham (control) group, the mice underwent anesthesia with 4% chloral hydrate (8 µl/g; Dalian Meilun Biology Technology Co., Ltd., Dalian, China) and the renal I/R procedure, which included bilateral flank incisions and a right nephrectomy. In the GP-treated I/R (I/R+GP) group, mice were intravenously injected with 50 mg/kg GP using an infusion pump 1 h prior to the renal I/R procedure. In the saline-treated I/R group (I/R), mice were administered 50 mg/kg saline using an infusion pump 1 h prior to the renal I/R procedure.
Assessment of kidney function. Renal function was assessed by measuring serum creatinine (Cr) and blood urea nitrogen (BUN) levels. These tests were performed by technicians at the Clinical Laboratory at The Third Xiangya Hospital, Central South University.
Assessment of renal malondialdehyde (MDA) expression levels. Homogenization buffer (Cayman Chemical Company, Ann Arbor, MI, USA), which contained 0.32 mmol/l sucrose, 20 mmol/l N-(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid), 0.5 mmol/l ethylenediaminetetraacetic acid, 1 mmol/l 1,4-dithio-DL-threitol and 1 mmol/l phenylmethanesulfonyl fluoride, was added to renal tissue (1 ml/0.1 g). Following homogenization, renal tissue was centrifuged at 1,500 x g for 10 min. According to Esterbauer and Cheeseman (17) , MDA in tissue reacts with thiobarbituric acid in the sample, and thus, the changes in fluorescence as a result of this were detected at a wavelength of 535 nm in the present study. Recorded concentrations of MDA were divided by 1,000, and the results were expressed in µmol/g wet tissue.
Assessment of renal tissue superoxide dismutase (SOD) activity. SOD activity was measured using a Superoxide Dismutase Activity Assay kit (BioVision, Inc., Milpitas, CA, USA), based on the inhibition of adenochrome production by SOD by adenochrome production during epinephrine auto-oxidation. Changes in fluorescence were detected at a wavelength of 480 nm using the 721S Spectrophotometer (Shanghai Lengguang Industrial Co., Ltd., Shanghai, China).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay. Total RNA was extracted using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA). The RevertAid Reverse Transcription kit (Thermo Fisher Scientific, Inc.,) was used to convert RNA (1 µg) into cDNA, according to the manufacturer's instructions. qPCR was then conducted using an Applied Biosystems 7500 thermocycler (Thermo Fisher Scientific, Inc.) and 0.33 µl cDNA solution, 10 µl SYBR Green PCR Master Mix (Thermo Fisher Scientific, Inc.), 2 µl primers (Sangon Biotech Co., Ltd., Shanghai, China) and 7.67 µl H 2 O, to obtain a final reaction volume of 20 µl. The primers used for the qPCR were as follows: TNF-α forward, 5'-CAG GCG GTG CCT ATG TCT C-3' and reverse, 5'-CGA TCA CCC CGA AGT TCA GTA G-3'; IFN-γ forward, 5'-GCC ACG GCA CAG TCA TTGA-3' and reverse, 5'-TGC TGA TGG CCT GAT TGT CTT-3'; IL-1β forward, 5'-GAA ATG CCA CCT TTT GAC AGT G-3' and reverse, 5'-TGG ATG CTC TCA TCA GGA CAG-3'; IL-6 forward, 5'-CTG CAA GAG ACT TCC ATC CAG-3' and reverse, 5'-AGT GGT ATA GAC AGG TCT GTTGG-3'; and GAPDH forward, 5'-TGA CCT CAA CTA CAT GGT CTA CA-3' and reverse, 5'-CTT CCC ATT CTC GGC CTTG-3'. The cycling conditions were as follows: 95˚C for 10 min, followed by 40 cycles of denaturation at 95˚C for 15 sec and annealing/elongation at 60˚C for 60 sec. GAPDH was used as an internal reference. The relative expression levels were analyzed by the Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, Inc.), using the 2 -ΔΔCq method (18) .
Measurement of serum proinflammatory cytokine levels.
Enzyme-linked immunosorbent assay (ELISA) kits (Sigma-Aldrich, St. Louis, MO, USA) were used to determine the serum concentration levels of various key proinflammatory cytokines, including TNF-α (RAB0477), IFN-γ (RAB0224), IL-1β (RAB0274) and IL-6 (RAB0308), in accordance with the manufacturer's instructions.
Western blot analysis. The NE-PER ® Nuclear and Cytoplasmic Extraction reagents (Pierce Biotechnology, Inc., Rockford, IL, USA) were used to extract cytosolic proteins from mice renal tissue, in accordance with the manufacturer's protocol. Protein assay reagents (Beyotime Institute of Biotechnology, Haimen, China) were used to determine protein concentration, after which 20 µg protein was separated by 10% SDS-PAGE (initially 80 V and then 150 V; Beyotime Institute of Biotechnology), transferred to nitrocellulose membranes (Thermo Fisher Scientific, Inc.) and maintained at room temperature for 1 h in a buffer solution containing 5% dried skim milk. The membrane was then incubated at room temperature for 3 h with the following antibodies from Abcam (Cambridge, MA, USA): Polyclonal rabbit anti-human p-ERK (1:100; ab65142), ERK (1:200; ab32537), heme oxygenase-1 (HO-1; 1:200; ab13248), Bcl-2 (1:100; ab117115), Bax (1:50; ab79459) and GAPDH (1:50; ab181602). Subsequently, the samples were incubated for 1 h with horseradish peroxidase-conjugated goat anti-rabbit Apoptosis analysis. Cell apoptosis was analyzed using the Annexin V-FITC Apoptosis Detection kit (BD Biosciences, Franklin Lakes, NJ, USA), according to the manufacturer's protocol. Briefly, at 24 h post-transfection, the cells were harvested and washed twice with cold PBS. Subsequently, 10 6 cells were resuspended in 200 µl binding buffer added to 10 µl Annexin-V-FITC and 5 µl PI-PE, followed by incubation in the dark for 30 min. Finally, 300 µl binding buffer was added, followed by the flow cytometry assay.
Statistical analysis. All data are presented as the mean ± standard error, and analyzed using one-way analysis of variance. Statistical analyses were conducted using SPSS software, version 16.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

GP exerted a protective effect on I/R-induced renal injury in mice.
Serum concentrations of Cr and BUN were measured following I/R-induced renal injury, and it was observed that mice in the I/R group presented significantly higher serum levels of Cr and BUN compared with the control group (P<0.01; Fig. 1A and B) , indicating the occurrence of I/R-induced renal injury. In the I/R+GP group, serum concentration levels of Cr and BUN were significantly reduced compared with the I/R group (P<0.01; Fig. 1A and B) , suggesting that pretreatment with GP has a protective effect against I/R-induced renal injury. However, the MDA concentration in the renal tissue at 6 h after reperfusion was significantly increased in the I/R group compared with the control and I/R+GP groups (Fig. 1C) . In addition, SOD activity was higher in the I/R+GP group compared with the I/R group (Fig. 1D) .
Pretreatment with GP attenuated I/R-induced inflammatory responses in the kidney.
The inflammatory responses resulting from I/R in kidney tissue were examined in mice. It was observed that the mRNA expression levels of the inflammatory cytokines TNF-α, IFN-γ, IL-1β and IL-6 were higher in renal tissue following I/R compared with the control and I/R+GP groups (Fig. 2) . To further confirm these results, an ELISA was performed, which demonstrated that the secretion levels of TNF-α, IFN-γ, IL-1β and IL-6 were significantly increased in renal tissue following I/R, but reduced in the GP treatment group (P<0.01; Fig. 3 ). significantly increased in the I/R group compared with the control group (P<0.01; Fig. 4 ), suggesting that oxidative damage had occurred. However, this I/R-induced upregulation of HO-1 was attenuated by pretreatment with GP; the IR+GP group exhibited significantly reduced levels of HO-1 protein, compared with the IR group (P<0.01; Fig. 4 ). It may therefore be suggested that pretreatment with GP attenuates I/R-induced oxidative damage in mice kidney tissue.
Pretreatment with GP attenuated I/R-induced oxidative
Pretreatment with GP attenuated I/R-induced apoptosis of renal cells.
The effect of GP on I/R-induced renal cell injury was investigated using an apoptosis assay. As presented in Fig. 5 , the level of apoptosis in kidney tissue following I/R was significantly increased compared with the control group (P<0.01); however, pretreatment with GP significantly attenuated I/R-induced renal cell apoptosis (P<0.01 vs. I/R group).
Molecular mechanisms of GP. The expression levels of the apoptosis-associated Bcl-2 and Bax proteins were examined. As demonstrated in Fig. 6A , the protein expression levels of anti-apoptotic Bcl-2 were significantly reduced in the I/R group compared with the control group (P<0.01). However, the expression level was higher in the I/R+GP group compared with the I/R group (P<0.01). In addition, it was observed that the protein level of pro-apoptotic Bax was increased in the I/R group compared with the control group, and that Bax protein expression was attenuated by pretreatment with GP (P<0.01; Fig. 6B ). This suggests that the protective effect of GP against I/R-induced renal injury may be attributed to the inhibition of cell apoptosis in the kidney. Fig. 6C , the expression level of phosphorylated ERK (p-ERK) in the I/R group was significantly reduced compared with the control group, and p-ERK was significantly attenuated following pretreatment with GP in the I/R+GP group (P<0.01). This suggests that the administration of GP suppressed I/R-induced the downregulation of ERK signaling in renal tissue, which may be associated with the protective effect of GP against I/R-induced renal cell apoptosis.
GP suppresses I/R-induced downregulation of ERK signaling in renal tissues. As presented in
Discussion
It has previously been demonstrated that GP possesses various bioactive characteristics including anti-oxidative, anti-inflammatory, anti-apoptotic and antitumor properties (9, 11, 20) . In the present study, kidney tissue that had been pretreated with GP exhibited significantly inhibited I/R-induced upregulation of serum Cr and BUN protein expression. In addition, the I/R+GP group demonstrated significantly lower expression levels of MDA and higher SOD activity compared with the I/R group. Furthermore, pretreatment with GP inhibited the I/R-induced production of pro-inflammatory cytokines, oxidative damage and apoptosis. Investigation of the molecular mechanisms involved suggested that pretreatment with GP inhibits the I/R-induced activation of ERK signaling.
Inflammation has been recognized as a key mechanism underlying the pathogenesis of renal I/R injury (21) . In response to I/R, neutrophils, lymphocytes and macrophages infiltrate the damaged tissue, which can lead to microcirculatory failure as a result of the reduction in renal blood flow (22, 23) . Other proinflammatory factors, including TNF-α, IFN-γ, IL-1β and IL-6 further promote the inflammatory response in renal tissue (24) .
GP has been demonstrated to produce a suppressive effect on the I/R-induced inflammatory response. Quan et al (8) observed that treatment with GP inhibited the expression of inflammatory molecules, including intercellular adhesion molecule 1, monocyte chemotactic protein-1 and nuclear factor-κB, in atherosclerotic rats that were induced by a high-fat diet (8) . Another previous study demonstrated that treatment with GP protects against I/R-induced hepatic injury by inhibiting neutrophil infiltration (12) . In the present study, it was observed that the secretion of TNF-α, IFN-γ, IL-1β and IL-6 was significantly A B C reduced in the I/R+GP group compared with the I/R group. Based on current knowledge, it may be hypothesized that the protective effect of GP against I/R-induced renal injury is partly caused by the suppression of inflammatory responses.
Cell death is frequently controlled by the Bcl-2 protein family, which contains pro-apoptotic and anti-apoptotic proteins (25) . The Bcl-2 family serves a number of crucial functions in the control of cell survival during developmental and pathophysiological processes, including ischemic injury, neuronal Ca 2+ homeostasis, trophic factor withdrawal, oxidative stress, excitotoxicity and energy stress (26) . As an anti-apoptotic protein, Bcl-2 is able to inhibit lipid peroxide formation, Ca 2+ release from endoplasmic reticulum and free radical production (27) . Bax, another member of the Bcl-2 family, is an endogenous antagonist of Bcl-2 that inhibits the protein by directly binding via an associated protein homologue, thereby promoting cell apoptosis (28) . However, Bcl-2 can reversely suppress the pro-apoptotic effect of Bax by binding to Bcl-xL and forming a heterodimer (29) . The expression of Bcl-2 and Bax are carefully maintained and balanced in a healthy physiological state. However, the current study observed that I/R activates renal cell apoptosis by increasing the protein expression levels of Bax and reducing the protein levels of Bcl-2. In addition, the present results demonstrated that Bcl-2 can be attenuated by pretreating renal tissue with GP, suggesting that the protective effect of GP on I/R-induced renal cell apoptosis occurs via a Bcl-2-dependent mechanism.
Mitogen-activated protein kinases (MAPKs) have been demonstrated to be key factors in I/R-induced tissue damage. MAPK compounds, including ERK, stress-activated protein kinases/c-Jun NH 2 -terminal kinases and p38 MAPKs have been implicated in inflammatory signaling mechanisms in I/R injury (30, 31) . Additionally, ERK signaling serves a crucial function in I/R-induced cell apoptosis (32, 33) . Ban et al (34) reported that the inhibition of ERK signaling worsened intestinal I/R injury. In addition, Yang et al (35) observed that Apelin-13 protects the brain against I/R injury by activating ERK signaling pathways. Furthermore, GP has been demonstrated to upregulate ERK signaling and inhibit JNK signaling in local cerebral I/R injury rats (36) . In the present study, it was demonstrated that GP significantly suppresses the downregulation of p-ERK protein expression levels induced by I/R, indicating that GP activates ERK signaling. It may therefore be suggested that, in mice, the protective effect of GP on renal cell apoptosis occurs as a result of the upregulation of ERK signaling in I/R-induced kidney injury.
In conclusion, the current study demonstrates that the administration of GP exerts protective effects against I/R-induced renal injury in mice by attenuating inflammatory responses and suppressing apoptosis. As a result, it can be suggested that GP may be used in the treatment of renal I/R injury.
